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ABSTRACT

Nonpoint source pollution captured by urban stormwater runoff is the greatest challenge
for surface water quality improvements. Computer-based design tools have been developed to
help mediate this issue by guiding end users through the implementation of decentralized
stormwater management. The majority of these tools focus on treatment via biofiltration, yet
concern regarding this treatment regime is rising. Case studies from research past clearly indicate
the susceptibility of groundwater to contamination from extensive anthropogenic activity at the
surface. Contaminants, such as nitrates and pathogens, are not completely removed before runoff
enters the underground watercourse. Additionally, national and state legislation, which explicitly
lists where neglect for groundwater quality is permissible—exacerbate concerns. This research
analyzes the efficiency the BMP Siting Tool developed by the US Environmental Protection
Agency and the Grey-to-Green Decision Support Tool developed by the University of South
Florida. The tools were used to obtain cartographic data illustrating suitable sites for bioswales
and infiltration basins throughout northern portion of Hillsborough County, Florida. This data
was then integrated with the Karst Aquifer Vulnerability Index (KAVI) groundwater
vulnerability model. The area of bioswales and infiltration basins that intersected areas of the
KAVI model listed as ‘highly vulnerable’ or ‘moderate-to-highly vulnerable’ was calculated.
This permitted an assessment of which BMP facility had the greatest sitings atop vulnerable
areas, respective of the tool. The BMP Siting Tool sited 2.80% of all bioswales and 27.89% of
all infiltration basins above vulnerable areas. Likewise, the Grey-to-Green Decision Support
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Tool sited 21.66% of all bioswales and 9.62% of all infiltration basins above vulnerable areas.
These results prompted the development of a supplemental groundwater vulnerability framework
to be incorporated into both tools’ analytical process.
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CHAPTER ONE:
INTRODUCTION

Aquifers are underground geological networks capable of conveying a substantial volume
of water through the earth’s crust (Heath, 1983). Recharge is what permits aquifers to remain
active as surface water percolates downward into the system. However, as human activities
dominate more of the land space above aquifer systems, bilateral vulnerability between humanaquifer interactions is conjointly heightened. Anthropogenic threats to aquifer systems
predominantly stem from terrestrial activities including agriculture, deforestation, mining, and
pollution. These activities can threaten karst systems through altered groundwater flow and/or
contamination (van Beynen & Townsend, 2005).
Sustainable urban stormwater management primarily employs the power ecosystem
services to attenuate the concerns enflamed by conventional management designs, such as the
filtration, vegetative sequestration, and aerobic/anaerobic digestion of dissolved and suspended
pollutants. Biofiltration has become one of the most prevalent methods used to curtail nonpoint
source pollutants that would otherwise reach surface waters (Burns et al., 2012; Davis et al.,
2014).
Many publications outlining the benefits of biofiltration emphasize the importance of
detailed research to produce site-specific designs (City of Portland, 2016; Harrington & Daniel,
2013; Pima County, 2014). In addition to print literature, computer-aided decision support tools
are also available. These computer-based tools expedite the preliminary design process and allow
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for faster installation of sustainable stormwater management facilities. The incredible efforts
published in these and other media were stimulated by national surface water quality
improvement standards (CWA, 2002). Yet, there is little legislation protecting groundwater
quality from anthropogenic degradation, which increases the vulnerability of this underground
resource (Domagalski & Dubrovsky, 1992; Fox et al., 2016).
The objective of this research is to analyze the groundwater sensitivity of the BMP siting
frameworks for different computer-aided decision support tools. Specific focus was given to the
BMP Siting Tool developed by the US Environmental Protection Agency and the Grey-to-Green
Decision Support Tool developed by the Patel College of Global Sustainability at the University
of South Florida. The geographic information system, ArcGIS 10.2.2, was used to conduct the
analysis above the unconfined karst aquifer system across a 951-km2 area within Hillsborough
County, Florida. Results from this study prompted the development of a supplemental
groundwater vulnerability framework to be incorporated into both tools’ analytical process.
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CHAPTER TWO:
LITERATURE REVIEW

Globally, aquifers are estimated to store 4.2 million km3 of fresh water; about 99% of the
total volume of fresh water on the planet (Wada, 2016). Substrate and depth-to-water-table
determine how quickly surface water will enter the underground watercourse. Shallow, sandy
aquifers close to Earth’s surface recharge much more quickly than aquifers nestled hundreds of
meters below Earth’s surface (Jackson et al., 2001).
Recharge is what permits aquifers to remain active. Recharge occurs as surface water
percolates downward into the system. These terrestrial recharge zones are heavily influenced by
the topography of the watershed above. Recognition of this powerful, interconnected nexus
between watersheds and springsheds is critical for understanding how these systems function
(Zektser & Everett, 2000).
Karst Aquifers
Karst aquifer systems are a unique category of underground, geological, waterconveyance systems. They are located near Earth’s surface and composed of soluble rock layers
including limestone, dolomite, and to a lesser extent, gypsum (van Brahana, 2008). Groundwater
flow is subject to the pathways defined by the fissures, conduits, caves, and other connected
openings throughout the rock layers (Kaufmann, 2009). This ample open space permits
groundwater to flow much more rapidly than it otherwise would through a granular system
(University of Kentucky, 2012). Although short-term groundwater flow is subject to the
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trajectory defined by these rocks, the long-term exposure is what inherently sculpts the system.
As slightly acidic groundwater flows across these rocks, it slowly carves the underground
pathway as acid-base chemical reactions gradually dissolve the highly soluble rocks (van
Brahana, 2008).
The terrestrial landscape above karst aquifers has a much greater influence on the system
when compared to granular aquifers. Recharge of granular aquifers occurs vertically as surface
water percolates directly downward. This process differs for karst systems. The downward
trajectory of percolated water is disrupted once it reaches the upper epikarst zone. This layer is
formed mostly of carbonates and distributes water laterally through the system (Daher et al.,
2011; Klimchouk, 2004). Consistent inputs, such as acidic water, will weaken the epikarst layer
causing it to subside under the influence of gravity. This subsidence creates terrestrial
depressions in the landscape. When this epikarst layer is completely breached, a sinkhole forms
which provides a direct connection between the surface and the aquifer system (van Beynen et
al., 2012). This is a major reason why karst aquifers are particularly vulnerable to anthropogenic
degradation (Kaufmann, 2009). Unfortunately, national US water quality laws are heavily
skewed in favor of surface water quality. A review of major national and state water quality
regulations reveals these gaps.
Legal Neglect for Groundwater
The 1972 amendments to the Federal Water Pollution Control Act (the ‘Clean Water
Act’) were continually criticized by researchers who determined that polluted stormwater runoff
circumvented legislation enacted to, “restore and maintain the chemical, physical, and biological
integrity of the Nation’s waters” (CWA, 2002, p. 4). Shortly thereafter, the addition of Section
319 to the CWA was added in 1987 to regulate, “the process, including intergovernmental
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coordination and public participation, for identifying best management practices and measures to
control each category and subcategory of nonpoint sources” (2002, p. 173). However, ambiguity
prevailed over the definition of these ‘best management practices.’ Of the many researchers who
set out to define this new regime, William & Stillwell (2016) explain that stormwater best
management practices utilize natural processes to reduce runoff volumes, slow runoff velocity,
and remove pollutants before runoff continues through the watercourse.
The use of best management practices (BMPs) to curtail nonpoint source pollution
allowed each state to pursue unique and practical solutions to attenuate localized concerns
associated with stormwater runoff. The effectiveness of this new management concept primarily
stems from the concept of biofiltration—the process of directing stormwater into infiltration
facilities where it percolates through the soil and enters the underground watercourse. During
infiltration, pre-existing natural services work to attenuate a majority of suspended and dissolved
contaminants (Takizawa, 2008). In theory, the soil acts as a gravitational sieve pulling sediments
and other suspended particles out of solution, the surrounding vegetation acts as a solar-powered
pump that absorbs water and attenuates nutrients, and microbial activity—both aerobic and
anaerobic—metabolize pollutants (Bratieres et al., 2008; NCHRP, 2006).
Sustainable Urban Stormwater Management
The attractive feature of BMPs stems from the very ambiguity discussed previously.
Designs are intended to work with the natural conditions of the area, making every application
innovative and unique. As demonstrated by the research efforts of Kaufman et al. (2014), these
ecosystem services can be strategically employed at the watershed-scale as a cost-effective and a
simple solution to debilitate polluted runoff.
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The growing interest in sustainable urban stormwater management afforded numerous
publications outlining the experience, measured results, and overall progress of a variety of
BMPs (City of Portland, 2016; Claydon, 2015; Davis et al., 2014). Sustainable stormwater
guides and BMP design manuals produced by both private and public organizations publicized
their successful results, and offer assistance to others interested in implementing the concept.
Examples include the Green Infrastructure Design Handbook developed by the City of Neosho,
Missouri (2013); Design Standards for Stormwater Detention and Retention developed by the
Pima County Regional Flood Control District, Arizona (2014); and the Stormwater Management
Manual developed by the City of Portland, Oregon (2016).
A number of computer software programs have capitalized on the parameters set forth in
the printed literature. These programs assist end users with BMP siting by estimating variables
such as topographic relief, runoff volume, pollutant load, infiltration rates, and BMP site
suitability for a particular area of interest. Examples include the BMP Siting Tool (USEPA,
2014); the [now defunct] SUSTAIN (System for Urban Stormwater Treatment and Analysis
IntegratioN) tool (USEPA, 2016c); the Gray-to-Green Decision Support Tool developed by the
University of South Florida (2016); HydroCAD developed by HydroCAD Software Solutions
(2015); PondPack developed by Bentley Systems (2016); and iWATR (integrated Water
Assessment Tool for Restoration) developed by Michael Baker International (2015).
These computer-aided decision support programs aid users with implementation by
expediting preliminary calculations. Yet, this expedition of research may not be so
commendable. The use of computers in the 1960s for groundwater computations led to the
evolution of groundwater models and the computer-aided management of water resources.
According to Fowler (1987), many of the programs since then have distanced themselves from
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this initial groundwater focus. More recent evidence indicated this trend still holds true nearly
five decades later (Ki & Ray, 2014). Considering that these computer-aided tools were
perpetuated by national legislation focusing only on improving surface water quality, it becomes
better understood why consideration of groundwater quality is lacking as a component of these
programs.
US Water Laws
A review of specific US water laws reveals the stark polarization in policies that govern
the nation’s water resources. With respect to groundwater quality, the major regulations that
could affect the design and function of an infiltration BMP are all focused on surface water
quality.
Section 303(d) of the Clean Water Act
Section 303(d) of the CWA strictly focuses on impaired surface waters, although
contaminated groundwater discharges into impaired surface waters is mentioned as a mechanism
that must be addressed. As a whole, the CWA does recognize groundwater, although it fails to
specifically recognize the complete scientifically-defined nexus between groundwater and
surface water (Andreen & Jones, 2008). The Act will often use all-encompassing verbiage to
discuss groundwater, or reference groundwater sources as a function of surface water sources.
This broad definition of groundwater allows many agencies, such as the Florida Department of
Environmental Protection (FDEP), to justify groundwater quality monitoring by simply testing
water just before it is discharged from spring vents (R. Hicks, G. Maddox, & L. Marchman,
personal communication, June 2016). This circumvents the identification of localized
contamination elsewhere in the springshed.
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The Total Maximum Daily Load Program
The Total Maximum Daily Load (TMDL) program only governs the testing of surface
waters and “establishes the maximum amount of a pollutant allowed in a waterbody” (USEPA,
2016a, p.1). This program, under the directive of the CWA, mandates that each state shall
develop and execute its own surface water quality monitoring procedures. In Florida, the FDEP
(2016, p. 1), “now also integrates ground water data into its watershed assessments to help in the
evaluation of ground water impacts on surface water quality.” It is clear that the FDEP only
began groundwater quality monitoring in order to improve surface water quality, further
justifying the superficial monitoring of spring vent discharges mentioned previously. According
to Zektser & Everett (2000, p. 85), “the purpose of monitoring water quality in the aquifer and
vadose zone is the prevention of possible pollution,” whereas the current national TMDL system
of water quality monitoring does the opposite—it curtails any further degradation to an already
impaired surface waterbody.
The Safe Drinking Water Act
The Safe Drinking Water Act (SDWA) is one of the better documents with sections that
specifically “address the unique concerns related to underground sources of drinking water and
controls for contamination of these sources” (NCHRP, 2006, p. 48). The SDWA has set criteria
to identify critical aquifer protection areas (CAPAs), which are principal source springsheds
considered to be ‘at risk’ to some form of contamination. CAPAs are only assigned to aquifers
that are “the sole or principal drinking water source for the area” (SDWA, 2002, p. 414). The
designation of CAPAs allows state agencies to develop an area-wide groundwater protection
program. The catch: developing CAPAs is not mandatory, and their legislation is essentially nonregulatory (NCHRP, 2006).
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Underground Injection Control
The USEPA’s Underground Injection Control (UIC) program mainly focuses on the
disposal of hazardous materials or industrial activities that may encounter the water table
(USEPA, 2015b). Injection wells are heavily regulated under the Florida Administrative Code.
Chapter 62-528 specifies the applicable permitting requirements and monitoring criteria for
different injection activities that contact groundwater. Other chapters often refer back to these
rigid requirements to outline groundwater protection for other, less invasive activities.
Unfortunately, the same is not true for stormwater management. Chapter 62-25.030 of the
Florida Administrative Code explicitly pardons stormwater infiltration from permitting and
monitoring:
(1) The following types of new stormwater discharge facilities are exempt from the
notice and permit requirements of this chapter: (2)(d) Facilities of stormwater
management systems that include a combination of management practices including but
not limited to retention basins, swales, pervious pavement, landscape or natural retention
storage that will provide for the percolation of the runoff from a three-year one-hour
design storm.
The Groundwater Rule
The orders thus far have definitely made tremendous strides in surface water quality
improvements, yet they hardly make specific mention of groundwater quality monitoring for
potable water withdrawals. It was not until 8 November 2006 that the USEPA established the
Ground Water Rule (GWR), which aims to, “...reduce disease incidence associated with harmful
microorganisms in drinking water” (USEPA, 2015a, p. 1). The GWR was slow to develop, and
its reach is significantly abridged. It only governs groundwater drawn upon by public water
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supply systems, which are any conveyance networks providing potable water to either fifteen
service connections or a minimum of 25 people for at least 60 days out of the year (SDWA,
2002).
Although the definition for public water systems is acute, there is no regulation
concerning privately owned drinking wells that supply potable water to individual residences.
The USEPA only offers guidance and suggestions on how to keep private wells safe (USEPA,
2016b). To illustrate the impact of this, the US consumed an estimated 408 billion gallons of
potable water per day in 2005, of which roughly 44.1 billion gallons per day were sourced from
groundwater by publically owned utilities. Fortunately, these withdrawals were regulated by
national EPA standards. Yet, self-supplied domestic groundwater withdrawals totaling more than
3.7 billion gallons per day proceeded without regulation (Maupin et al., 2014). As of 2006, there
were 14,701 records in the state of Florida, alone, of residentially owned drinking wells found to
contain some concentration of nitrate ( [NO3-] ) above zero (Appendix A). Of those wells, 2,371
were contaminated with a [NO3-] ≥ 10 ppm, which exceeds the nationally established maximum
contaminant level (USEPA, 2016d) (Appendix B). More specifically, Hillsborough County,
Florida contained 164 nitrate-contaminated residential drinking wells, of which 91 were
identified in exceedance of the national maximum contaminant level (Appendix C).
Social Impacts
The impact of poor groundwater quality at the household level illuminates a variety of
social pressures which are compounded by the legal neglect for groundwater. In many regions,
groundwater is governed by the boundaries of the property above. According to Narasimhan
(2008, p. 132):
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In many states, the legal status of groundwater is different from that of surface water.
Whereas the use of surface water is strictly regulated with a permit system, groundwater
is not subject to such a control. Groundwater is still deemed by many to be private
property.
Another illustration of the deliberate neglect for groundwater is outlined in the
catastrophic event which occurred on 27 August 2016 in Polk County, Florida when a
groundwater contamination breach at the Mosaic phosphorous mining company roused concern
over its impact on the local groundwater supply. A forty-five-foot wide sinkhole, estimated to
extend downward between 300-750 feet, formed underneath land that Mosaic used to store
gypsum—a mildly radioactive byproduct of fertilizer production. Upon opening, the sinkhole
engulfed roughly 215 million gallons of gypsum-laden wastewater. In addition, it was feared that
the acidic gypsum-laden water would dissolve more rock and potentially cause the formation of
additional sinkholes (Pittman, 2016). As mentioned previously, groundwater is often governed
by the boundaries of the property above; it was this loophole in Florida’s legislation that allowed
both Mosaic and the FDEP to conceal the groundwater breach for nearly three weeks. These and
other social stressors felt within the water sector are likely to become much more pronounced by
the end of the 21st century due to the projected impacts of increasing populations, urban
expansion, and climate change (IPCC, 2007; ND-GAIN, 2014).
Urban Expansion & Population Growth
Urban development is often associated with an increase in impervious surface coverage.
Water quality degradation due to increasing imperviousness is detectable when imperviousness
reaches 10% of the total watershed area, and severe impacts are anticipated once the area is
greater than 30% (Arnold & Gibson, 1996). This was confirmed in a watershed-scale assessment
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conducted by Xian et al. (2007) in Hillsborough County, Florida. The study used regression
analysis to compare the relationships between land use, population density, and water quality.
They determined that the declining surface water quality in the area was attributed to, “non-point
source pollutants collected and accumulated in impervious surfaces and delivered to water bodies
via stormwater runoff” (p. 973).
Additional research by Ouyang et al. (2013) analyzed the impact of different land uses on
the groundwater quality below. A two-dimensional kriging analysis of groundwater samples
collected within the northern region of the Lower St. Johns River Basin in northeast Florida
indicated that concentrations of nitrates, arsenic, chlorides, sulfates, and manganese were in
exceedance of national EPA drinking water standards among residential and agricultural areas.
They state: “groundwater quality constituents varied from location to location, and impacts of
land use on groundwater quality variation were profound” (p. 8860).
The current specifications outlining the design of infiltration BMPs may not consider the
increased inputs from future urban expansion and land use changes. According to Zektser &
Everett (2000, p. 83), “groundwater is mainly polluted by sulfates, chlorides, nitrogen
compounds (nitrates, ammonia, ammonium), oil products, phenols, iron compounds, and heavy
metals (copper, zinc, lead, cadmium, mercury).” With the exception of oil, all of these features
are highly water-soluble, and biofiltration practices relying on vegetative sequestration or soil
attenuation are only capable of removing some of the soluble contaminants that penetrate into the
upper vadose zone. This variance in pollutant removal is attributed to differences in site
conditions, including soil permeability, depth-to-water table, soil organic content, and chemical
interactions between the soil and runoff.
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Climate Change
Certain site conditions are easily manipulated by the designer when installing an
infiltration BMP, including vegetative density and depth-to-slope ratio (FDEP, 2008). These
factors are used to calculate the maximum attenuation potential for a BMP with respect to the
local design storm. Outlined in the Florida Administrative Code (62-25.030(2)(d)), infiltration
BMPs must attenuate the volume from “a three-year, one-hour design storm.” Both Green et al.
(2011) and Wick et al. (2012) attest to the uncertainty of climate change impacts on groundwater
resources largely due to the lack of research detailing direct and indirect impacts. This is of great
concern, considering, “fluctuating storm runoffs cause problems related to inefficient project
operation, as large volumes of water containing high concentrations of silt and debris must be
handled within a relatively short period of time” (Fowler, 1987, p. 59). Consequently, the
intensity and duration of rainfall are the only variables that remain outside of the designer’s
influence (FDEP, 2008). The US National Climate Assessment (2014) determined that the
national precipitation average increased by 5% since 1990. Depending on regional influences,
the possibility of the idealized three-year, one-hour design storm may become a much more
frequent event (Cunha et al., 2017).
Uncertainty with Groundwater Contamination
Although many studies reviewing the effectiveness of biofiltration have reported positive
results with respect to surface water quality, the results reflect a temporal deficit. Studies have
not run long enough nor spanned a great enough area to determine the long-term effects on
groundwater quality (Ouyang et al., 2013). It cannot be emphasized enough that biofiltration, “is
suitable for relatively low concentrations of contamination, as microorganisms cannot degrade
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high concentrations of the compounds. In addition, it takes longer time to complete the cleanup
than other methods, as it proceeds at modest rates” (Takizawa, 2008, p. 208).
Presently, the majority of concerns over groundwater contamination are found to be the
result of disproportionate concentrations of naturally occurring substances. Nitrates are highly
water soluble polyatomic ions found in agricultural and residential fertilizers, fecal matter,
concentrated animal feeding operations, and barnyard runoff (Knobeloch et al., 2000). Nitrates
can extend downward into springsheds given the opportune conditions, making them “one of the
most commonly detected contaminants in groundwater” (Takizawa, 2008, p. 30). Many
bioswales are simply covered with turf grasses, and prior evidence indicates seepage of nitrates
through this medium with little attenuation (Pitt et al., 1999). Furthermore, the conditions under
which an infiltration BMP optimally attenuates specific contaminants can conflict. Bacteria,
viruses, and pathogens that threaten groundwater quality thrive in conditions where soil organic
carbon content is high (Pitt et al., 1999). Consequently, high organic content is required for the
attenuation of nitrates. This poses great issues for areas where both contaminants are
simultaneously present in runoff.
Groundwater Vulnerability Modeling
To heed these precautions of groundwater contamination, the assessment of groundwater
vulnerability may aid in the BMP siting process. Groundwater vulnerability is a measure of a
springshed’s susceptibility to contamination (Lake et al., 2003). Threats to karst aquifer systems
predominantly stem from terrestrial activities including agriculture, deforestation, mining, and
pollution. These activities can threaten karst systems through altered groundwater flow and/or
contamination (van Beynen & Townsend, 2005). Vulnerability to these systems is conjointly
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heightened in areas where rapid population growth and aggressive urban expansion are
concentrated (Epting et al., 2009; Metcalfe et al., 2011).
A groundwater vulnerability model (GVM) is one method to assess a springshed’s
vulnerability to contamination. Such models include the DRASTIC [Depth-to-water, net
Recharge, Aquifer media, Soils, Topography, Impact of vadose zone, hydraulic Conductivity]
model (Yin et al., 2013), the FAVA [Florida Aquifer Vulnerability Assessment] model (FDEP,
2014), and MODFLOW (Harbaugh et al., 2000). GVMs apply weights to different datasets
representative of terrestrial land use and the properties of the aquifer system in order to create a
site-specific map depicting where groundwater sources are most vulnerable from terrestrial
activities. By assessing the interaction of the depth-to-water table, aquifer media, net recharge,
soil hydrologic characteristics, topography, anthropogenic land use, and hydraulic conductivity
(Dixon et al., 2015; FDEP, 2014; van Beynen et al., 2012), GVMs predict where vulnerable
areas will be most prevalent within a given area of interest. This invaluable resource should be
considered when treating contaminated stormwater runoff using biofiltration.
Shortcomings and Precautions
Research detailing the effects of biofiltration has evoked Barbosa et al. (2012) to
recognize its benefits, but continue with a precautionary disclaimer outlining the importance of
detailed research before implementation. Additionally, Burns et al. (2012) reported on the
hydrologic shortcomings of sustainable stormwater management. During their preliminary
discussion, they highlight that biofiltration is still in its infancy, and, “these strategies have
largely been successful in reducing loads...but few studies have reported the effectiveness of the
load-reduction” (p. 231). They discuss the lack of information detailing with the long-term
effects of this new management regime, and hesitate promoting large-scale projects: “we note,
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however, that the cumulative effects of urban stormwater management at smaller scales on
catchment-scale hydrology are not yet fully understood” (p. 230). Pataki et al. (2011, p. 28)
stated a similar claim: “we wish to draw attention to the gap between the anticipated benefits of
green infrastructure and the implementation and evaluation of its performance in specific
contexts.” Porzecanski et al. (2012) also firmly support both of these proclamations.
The prudence advertised by Barbosa et al. (2012), Burns et al. (2012), Pataki et al.
(2011), and Porzecanski et al. (2012) originates from the values of the precautionary principle.
All are aware of the complexities of watershed dynamics and the lack of familiarity with new
water-sensitive management practices. Given the elusive nature of groundwater, prudence should
be employed through proactive rather than reactive groundwater quality monitoring, regardless
of the scale of implementation.
The Future of BMP Implementation
It is clear that a myriad of factors affect the performance, efficiency, and effectiveness of
biofiltration. The recent development of computer-aided tools accelerates the preliminary design
process, allowing for faster installation of these sustainable stormwater management facilities.
Yet, legislation governing groundwater from infiltration practices indicates a narrow focus on
stormwater treatment facilities, with some statutes specifically exempting infiltration practices
from monitoring and/or permitting (Florida Administrative Code 62-520.600(9)(a)). These
factors coupled with one another evoke concern over groundwater quality.
It is clear that the development of computer-guided BMP siting was perpetuated by
national legislation focused on improving surface water quality. Therefore, a lack of
consideration for groundwater quality is to be expected of these programs. This study analyzed
two computer-aided siting tools, the EPA’s BMP Siting Tool and USF’s Grey-to-Green Decision
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Support Tool, to determine how sensitive each tool’s BMP siting criteria is with respect to
groundwater vulnerability.
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CHAPTER THREE:
METHODS

Two BMP support tools were used in this analysis: the EPA’s BMP Siting Tool and
USF’s Grey-to-Green Decision Support Tool. Both tools are add-in extensions supported by a
computerized geographic information system, Esri ArcGIS (version 10.2.2).
The BMP Siting Tool is designed for any individuals interested in sustainability
managing the stormwater runoff from a particular property. The tool aids end users by locating
potential suitable sites for the installation of a variety of different BMPs to manage stormwater
runoff from a particular area of interest. The tool makes use of three main types of BMPs—point,
linear, and area—in order to address three main concerns with runoff: volume, peak discharge,
and water quality (USEPA, 2014).
Selection of the BMP Siting Tool is justified by its recent development in 2014 coupled
with its free availability to end users. According to the World Business Council for Sustainable
Development (2015), research regarding the EPA’s BMP Siting Tool is lacking since the tool’s
launch in 2014. This further justifies its selection.
The Grey-to-Green Decision Support Tool (G2G Tool) is also designed for individuals
interested in sustainability managing stormwater runoff from a particular area of interest. Its
development was designed around the shortcomings of the BMP Siting Tool. The G2G Tool
guides end users through the transition and implementation of low-impact stormwater
management practices. The toolkit employs a strategic treatment-train framework which
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emphasizes the use of ecosystem services as a means to reduce runoff volumes, runoff velocity,
and pollutant loadings from impervious surfaces, and provides a quantified report of volume and
load reductions for each proposed BMP (University of South Florida et al., 2016).
The G2G Tool was selected based on the notion that its development was specifically
propelled by the shortcomings of the BMP Siting Tool. Additionally, the recent development of
the G2G Tool in 2016 affords the need for analytical literature.
Two infiltration BMP facilities common to both tools were selected for analysis:
bioswales (linear BMP), and infiltration basins (point BMP). These BMPs are no stranger to
stormwater management, particularly within the transportation sector (Eck et al., 2010).
According to a report by the National Cooperative Highway Research Program (2014), 81% of
US state-level transportation departments use infiltration basins and 78% use vegetated
bioswales for the management of roadway runoff.
In order to analyze the two BMP siting tools, a research framework was developed to
guide the analysis. The research framework is depicted in Figure 1. Before BMP siting began, an
analysis of both tools’ frameworks was undertaken in order to: (1) determine if respect for
groundwater integrity was at all incorporated into the framework; and (2) ensure there was
sufficient access to current datasets that would merit a respectable analysis.
Consideration of Groundwater Vulnerability
Groundwater vulnerability is a measure of a springshed’s susceptibility to contamination
(Lake et al., 2003). In general, GVMs require data representing depth-to-water table, aquifer
media, net recharge, soil hydrologic characteristics, topography, anthropogenic land use, and
hydraulic conductivity (Dixon et al., 2015; FDEP, 2014; van Beynen et al., 2012).
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Figure 1: Flow diagram of the methods used in this analysis

In order to determine if either tool considered groundwater vulnerability, a general search for the
aforementioned datasets was performed in order to (1) assess whether the tool required any input
datasets congruent with those required for groundwater vulnerability modeling, and (2) assess if
those datasets were specifically used to quantify groundwater vulnerability (to any degree)
during the BMP siting process.
Analysis of Framework: The BMP Siting Tool
The framework for the BMP Siting Tool is reproduced in Figure 2 (Tetra Tech, 2013).
Analysis of the BMP Siting Tool’s framework revealed four datasets congruent with data
required to produce a GVM: depth-to-water table (‘GWT depth shapefile’), hydrologic soil data
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Figure 2: Framework for the EPA’s BMP Siting Tool (Tetra Tech, 2013).
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(‘Soil shapefile’), a digital elevation model (‘DEM’), and anthropogenic land use (‘Land Use’).
Further research indicated the GWT depth shapefile was required only to ensure rapid
percolation of captured runoff, and makes little effort to holistically evaluate groundwater
vulnerability. The Soils shapefile is also used in order assess how rapidly captured runoff will
percolate. The remaining two datasets, the DEM and Land Use, were required to exclude
locations for BMP siting, such as avoiding steep slopes or impervious areas (Tetra Tech, 2013).
Although these data are congruent with datasets required to create a GVM, they are not arranged
to specifically incorporate an evaluation of groundwater vulnerability. It was noted, however,
that the BMP siting tool permits users to limit siting criteria by manipulating specific threshold
values. Yet, these criteria are not suited to mitigate groundwater quality concerns because it does
not specifically arrange the appropriate datasets in a manner consistent with calculating
vulnerability. Therefore, it is evident that groundwater vulnerability modeling is not a component
of the framework for the BMP Siting Tool.
Analysis of Framework: Gray-to-Green Decision Support Tool
The framework for the Gray-to-Green Decision Support Tool is reproduced in Figure 3
(University of South Florida et al., 2016). The framework for the Grey-to-Green Decision
Support Tool illustrates a more holistic approach to BMP siting than does the BMP Siting Tool.
Within this framework, the incorporation of natural drainage pathways and green infrastructure
mapping is clearly evident; it is given high priority as it sets parameters early (step 2) in the
overall siting process.
Additionally, this tool incorporates natural and structural BMPs, and evaluates the
pollutant removal and nutrient uptake to yield an overall quantification of benefits. However,
with respect to groundwater vulnerability modeling, the G2G Tool only requires three datasets:
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Figure 3: Framework for UCF’s Grey-to-Green Decision Support Tool
(University of South Florida et al., 2016).

hydrologic soil data, a digital elevation model, and anthropogenic land use (not explicitly shown
in the framework). Similar to the BMP Siting Tool, these data are not arranged to specifically
incorporate an evaluation of groundwater vulnerability; they are used to identify limitations for
BMP siting. The G2G Tool also allows users to manipulate different criteria to limit siting, yet
these features are not completely suited to mitigate groundwater quality concerns because it does
not specifically arrange the appropriate datasets in a manner consistent with calculating
vulnerability. Therefore, it is evident that groundwater vulnerability modeling is not a component
of the framework for the Grey-to-Green Decision Support Tool.
The differences between both tools merits further clarification. In addition to different
frameworks, both tools approach BMP siting entirely differently. The comparison shown in
Table 1 further supports the claim that the BMP Siting Tool lacks the holistic approach that is
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intrinsic to the G2G Tool. The incorporation of green infrastructure, natural services (forests),
the scenario analysis, and the use of a larger dataset (national and local) within the G2G Tool
clearly represents a more robust analytical process. This supports the prediction that the G2G
Tool will site fewer BMP facilities over vulnerable areas of the aquifer system.

Table 1: Comparison of Siting Tools
EPA’s BMP Siting Tool

USF’s Gray-to-Green Decision Support Tool

Design tool

Planning tool
Green infrastructure; forests; non-structural/structural
BMPs
Avoid, minimize, and mitigate impacts

Structural BMPs only
Mitigate impacts only
BMP siting, sizing, and optimization with no
consideration of forests, and limited consideration of
green infrastructure (soils, slopes, etc.)
Optimization for a 25-year, 24-hour design storm
Maximize temporary storage potential for flood
protection at the expense of water quality,
evapotranspiration, and other benefits
Optimization to achieve the most cost-effective
solution only
Requires only highly-specific, local data

Volume and load reduction credits for green
infrastructure and forests to reduce structural BMPs
Optimization for a 2-year, 24- hour design storm
Maximize on-site infiltration and evapotranspiration to
help restore water balance, enhance water quality, and
provide additional benefits
Scenario analysis to achieve multiple benefits and a
cost-effective solution
Requires national and/or local data

Project Study Area
This analysis was conducted within the northern portion of Hillsborough County, Florida,
which sits atop an unconfined karst aquifer system. Hillsborough County is located on the
western Gulf Coast of central Florida. It is the twelfth largest county in the state with an area of
2,722 km2, and the fourth most populated county, with a population of 1,349,050 (U.S. Census
Bureau, 2015a).
The study area boundary is illustrated in Figure 4. This area, covering 951 km2, hosts
diverse land uses: high-density urbanization, rural settlements, agriculture, industry, wetlands,
forests, and barren land. This variety of land uses will offer a more robust analysis. The available
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data slightly limited the study area boundary. The initial study area was slightly reduced to
accommodate the smaller extent of the high resolution (1m x 1m) EnviroAtlas land use data. The
square that is omitted in the upper right corner of the county is justified by the preservation of
this high-resolution land use dataset.

Figure 4: Project study area located within Hillsborough County, Florida.

Required Datasets
The datasets required by the BMP Siting Tool are listed in Table 2 along with the source
from which they came. The BMP Siting Tool required a total of eleven datasets, three raster
datasets, six vector datasets, and two user-generated data tables. The tool offers users the option
to use national datasets or user-generated datasets. Given the size of the study area, all data were
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retrieved from national, state, or county databases with the exception of the urban land use
shapefile data and the percent impervious data. The urban land use shapefile was a merge of the
available city data for roadways and building footprints. The percent impervious data was usergenerated from the 1m x 1m land use data.

Table 2: Data Layers: EPA’s BMP Siting Tool
Input File

Layer Type

Source, Date

Raster

University of Florida, 2012

Raster

USEPA EnviroAtlas, 2010

Digital Elevation Model
(5m x 5m resolution)
Land Use (1m x 1m resolution)
Percent Impervious
(1m x 1m)
Hydrologic Soil Characteristics

Raster

User-generated (from EnviroAtlas land use data)

Polygon

Urban Land Use

Polygon

Roadways
NHD Flow Lines
Groundwater Table Depth
Land Ownership
Soils Lookup Table
Land Use Lookup Table

Polyline
Polyline
Polygon
Polygon
Table
Table

US Department of Agriculture, 2004
User-generated from buildings (City of Tampa,
2016) and roadways (US Census Bureau, 2015b)
data
US Census Bureau, 2015b
USGS NHD, 2016
USGS Soil Data Viewer, 2012
Hillsborough County Property Appraiser, 2016
User-generated
User-generated

Other lower resolution (30m x 30m) percent impervious data was available from the National
Land Cover Dataset. However, the user-generated data was selected in order to preserve the
higher resolution. The two user-generated tables were created based on the criteria outlined by
the BMP Siting Tool User Guide.
The Grey-to-Green Decision Support Tool accepts up to 22 different raster and shapefile
layers specific to the study area. However, some of these data categories overlap. For example,
users are allotted the flexibility to create their own land use dataset, or use national land use data
available from third party sources. The input datasets used for the G2G Tool are listed in Table 3
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along with the source from which they came. Given the size of the study area, national datasets
were preferred over user-generated data. The only user-generated dataset produced for this tool
was the parking and roads impervious surface layer, which was a dissolved union of a buffered
roadways layer. General assumptions using available data defined the buffer for arterial roads at
195 feet (eight lanes, four shoulders, and a median all at 15 feet wide) and all other roads at 48

Table 3: Data Layers: USF’s Grey-to-Green Decision Support Tool
Input File

Layer Type

Source, Date

NHD Flow Lines
NHD Water Bodies
Digital Elevation Model
(5m x 5m resolution)
Polygon Soils Layer with
HYDGRP Field

Polyline Shapefile
Polygon Shapefile

USGS NHD, 2016
USGS NHD, 2016

Raster

University of Florida, 2012

Polygon Shapefile

US Department of Agriculture,
2004

FEMA Floodplain Layer

Polygon Shapefile

FEMA, 2016

NHD Water Points
NHD Areas
EnviroAtlas Community Landcover
(1m x 1m resolution)
Buildings
Parking and Roads Impervious
Areas

Point Data
Polygon Shapefile

USGS NHD, 2016
USGS NHD, 2016

Raster

USEPA EnviroAtlas, 2010

Polygon Shapefile

City of Tampa, 2016
User-generated from roadways (US
Census Bureau, 2015b) buffer.

Polygon Shapefile

feet (two lanes and two shoulders all at 12 feet wide) (Federal Highway Administration, 2014).
Buffering roadways in this manner was not intended to be conservative, and it was expected that
roadway width would be overestimated in some locations.
Not all datasets available reflected the most recent conditions. No datasets were older
than 2010, with the exception of the hydrologic soil characteristics data from 2004. Since soil
types are not expected to change rapidly over time (Tugel, 2003), the age of this dataset was not
expected to negatively impact the analysis to any considerable extent.
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All datasets required for this study (Tables 2 & 3) were pre-processed before to ensure a
uniform analysis. Pre-processing steps included: (1) analysis of attributes for data gaps (i.e. <No
Data>); and (2) projection into NAD 1983 UTM Zone 17N. The only dataset with data gaps was
the hydrologic soil data. Any missing or ‘No Data’ value were assumed to be Class C (Murray
State University, 2016). Since the BMP Tool only accepts singular hydrologic soil classes, any
combined soil values (i.e. B/D) were reduced to the singular class of greater permeability (i.e. B)
in order to accommodate the limitations of the tool. Selecting the class of higher permeability
was justified by the soil profile of the study area, which clearly indicated dominance of more
permeable soil classes over lesser permeable classes. This characteristic is expected of soils
among sandy, coastal regions (Duffera et al., 2007). The G2G Tool was not limited by singular
soil classes. Therefore, reducing mixed soil classes was not performed for the soil data used for
the G2G tool.
Given the size and the quantity of data required by each tool, the study area had to be
parceled into smaller sections and analyzed (Figure 5). Since the study area boundary is not
geometrically equivalent, all parcels were not equal in size. Furthermore, it was discovered that
denser urban areas required smaller parceling when compared to less dense areas. Parcel size
was no larger than 42.25 km2. When processing failed to complete, that particular parcel was
diced into quarters. Quartering was only required in three different parcels. Afterwards, the union
tool was used to combine the parceled results back into one singular dataset. This was performed
independently for each BMP outcome. Processing the data in this manner was required due to the
size of the study area, the size and number of the datasets required by each tool, and the
processing limitations of the Windows 7 desktop computer used to host ArcGIS. Assumptions of
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possible alterations due to parceling were mainly anticipated along the edges of neighboring
parcel. Inspection of the alignment between adjacent parcels did not indicate any abrupt

Figure 5: Study area parcels were analyzed individually then merged together.

transitions. However, the limitations of the computer used for this study make a comparative
assessment of an unparceled study area impossible.
BMP Siting
Both tools allow the end user to manipulate thresholds before running the tool, which
limit BMP siting based on certain parameters. Table 4 lists the default values for each criterion
for both tools. To keep the analysis as true to the tool as possible, the criteria were left as their
defaults.
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Table 4: Default Parameters for Both Siting Tools
EPA BMP Siting Tool
Drainage Area (Acres)
Slope (%)
Imperviousness (%)
Hydrologic Soil Groups
Watertable Depth (feet)
Road Buffer (feet)
Stream Buffer (feet)
Building Buffer (feet)
Land Ownership
Land Use Suitability

Gray-to-Green Decision Support Tool
<10
<15
<100
A-B
>4
N/A
>100
N/A
Private
1

Drainage Area (Acres)
Protective Buffer (feet)
Percent Tree Canopy Cutoff (%)
Steep Slope (%)
Percent Impervious Canopy Cutoff (%)

≥5
100
≥50
≥25
≥50

Each tool was used to site one BMP facility at a time. The BMP Siting Tool was used to
site bioswales first, then used to site infiltration basins; the G2G Tool followed the same
schedule. The union tool was used to combine the parceled results of each analysis into one large
dataset. This produced four outputs: two from the BMP Siting Tool (suitable bioswale sites and
suitable infiltration basin sites), and the same for the G2G Tool.
These four outputs were no more accurate than the input dataset with the lowest spatial
resolution (Şener et al., 2010). The DEM had the lowest resolution (5m x 5m) among all datasets
used with the BMP Siting Tool and the G2G Tool. Therefore, the outputs representing suitable
BMP sites maintained a 5m x 5m resolution.
Groundwater Vulnerability Assessment
Previous research using GIS indicates spatial overlay analysis to be a successful measure
of site suitability and assessment of risk associated with groundwater vulnerability
(Panagopoulos et al., 2006). Therefore, spatial overlay analysis was used to develop a GVM to
determine the extent to which the suitable BMP sites were situated over vulnerable aquiferous
areas within the study area.
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Numerous GVMs have been successfully developed and tested from prior research
(FDEP, 2014; Harbaugh et al., 2000; Yin et al., 2013). A GVM uses hydrologic and
hydrogeological parameters to estimate the susceptibility of groundwater to contamination.
However, these models differ for various aquifer types due to variances in their parameters. This
analysis was focused on vulnerability of unconfined karst systems below urban landscapes. Upon
researching the best model, the KAVI (Karst Aquifer Vulnerability Index) model was selected
due to the specific design of its weighted metrics and its consideration of the unique features of
karst systems. The KAVI groundwater vulnerability model, adopted from van Beynen et al.
(2012), is illustrated in Figure 6.
Input data for the KAVI model is subject to the metrics established by van Beynen et al.
(2012), which are outlined in Equation 1:

𝐾𝐴𝑉𝐼 = 0.15(𝐷) + 0.15(𝑆) + 0.15(𝐴) + 0.25(𝐶𝐷) + 0.30(𝐿𝑈)

[Equation 1]

where D = depth-to-water table; S = soil permeability; A = aquifer hydrologic conductivity; CD
= closed (sinkhole) depressions; and LU = anthropogenic land use. Field data established that the
KAVI model is a better representation of unconfined karst aquiferous dynamics when compared
with alternative GVMs (van Beynen et al., 2012).
Each output layer of suitable BMP sites was overlaid the KAVI groundwater
vulnerability model independently. For each suitable BMP sites layer, the area of the BMP that
intersected areas of the KAVI model listed as ‘highly vulnerable’ or ‘moderate-to-highly
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Figure 6: The Karst Aquifer Vulnerability Index (KAVI) model (van Beynen et al., 2012).

vulnerable’ were extracted into a new data layer. The total area of BMPs within these
vulnerability classes was then calculated. This permitted an assessment of which BMP facility
had the greatest sitings atop vulnerable areas, respective of the tool.
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CHAPTER FOUR:
RESULTS

The BMP Siting Tool
Results from the BMP Siting Tool for suitable bioswale sites are shown in Figure 7. The
potential area for all bioswales sited by the BMP Siting Tool totaled 43.44 km2 (43,444,435 m2).

Figure 7: EPA BMP Siting Tool: Suitable bioswale sites.

An overlay of the KAVI model with the suitable bioswale sites layer revealed which
bioswale sitings intersected ‘moderate-to-highly vulnerable’ or ‘highly vulnerable’ areas of the
study area. Moderate-to-highly vulnerable bioswale sitings totaled an area of 1.17 km2
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(1,174,966 m2) (Figure 8), and highly vulnerable bioswale sitings totaled an area of 0.04 km2
(44,070 m2) (Figure 9).

Figure 8: EPA BMP Siting Tool: Moderate-to-highly vulnerable bioswale sites.

Figure 9: EPA BMP Siting Tool: Highly vulnerable bioswale sites.
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Results from the BMP Siting Tool for suitable infiltration basin sites is shown in Figure
10. The potential area for all infiltration basins sited by the BMP Siting Tool totaled 83.81 km2
(83,806,182 m2).

Figure 10: EPA BMP Siting Tool: Suitable infiltration basin sites.

An overlay of the KAVI model with the suitable infiltration basin sites layer indicated
moderate-to-highly vulnerable infiltration basin sitings totaled an area of 22.72 km2 (22,719,527
m2) (Figure 11), and highly vulnerable infiltration basin sitings totaled an area of 0.65 km2
(653,490 m2) (Figure 12).
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Figure 11: EPA BMP Siting Tool: Moderate-to-highly vulnerable infiltration basin sites.

Figure 12: EPA BMP Siting Tool: Highly vulnerable infiltration basin sites.
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Gray-to-Green Decision Support Tool
Results from the Grey-to-Green Decision Support Tool for suitable bioswale sites are
shown in Figure 13. The potential area for all bioswales sited by the G2G Tool totaled 41.15
km2 (41,154,346 m2).

Figure 13: Gray-to-Green Decision Support Tool: Suitable bioswale sites

An overlay of the KAVI model with the suitable bioswale sites layer indicated moderateto-highly vulnerable bioswale sitings totaled an area of 8.69 km2 (8,690,102 m2) (Figure 14),
and highly vulnerable bioswale sitings totaled an area of 0.22 km2 (224,554 m2) (Figure 15).
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Figure 14: Gray-to-Green Decision Support Tool: Moderate-to-highly vulnerable bioswale sites

Figure 15: Gray-to-Green Decision Support Tool: Highly vulnerable bioswale sitings
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Results from the Grey-to-Green Decision Support Tool for suitable infiltration basin sites
are shown in Figure 16. The potential area for all infiltration basins sited by the G2G Tool total
135.04 km2 (135,039,113 m2).

Figure 16: Gray-to-Green Decision Support Tool: Suitable infiltration basin sites

An overlay of the KAVI model with the suitable infiltration basin sites indicated
moderate-to-highly vulnerable infiltration basin sitings totaled an area of 12.94 km2 (12,935,595
m2) (Figure 17), and highly vulnerable infiltration basin sitings totaled an area of 0.06 km2
(60,524 m2) (Figure 18).
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Figure 17: Gray-to-Green Decision Support Tool: Moderate-to-highly vulnerable infiltration
basin sites

Figure 18: Gray-to-Green Decision Support Tool: Highly vulnerable infiltration basin sites
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All results from the analysis are summarized in Table 5.

Table 5: Summary of Results
Variable

BMP Siting Tool
2

Gray-to-Green Tool

Suitable bioswale sitings
Moderate-to-highly vulnerable bioswale sitings
Highly vulnerable bioswale sitings

43.44 km
1.17 km2
0.04 km2

41.15 km2
8.69 km2
0.22 km2

Suitable infiltration basin sitings
Moderate-to-highly vulnerable infiltration basin sitings
Highly vulnerable infiltration basin sitings

83.81 km2
22.72 km2
0.65 km2

135.04 km2
12.94 km2
0.06 km2
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CHAPTER FIVE:
DISCUSSION

Analysis of the results determined which BMP facility had the greatest sitings atop
vulnerable areas, respective of the tool used. Since the total area of suitable BMP sitings differed
between both tools for the same BMP category, percentages were used in order to compare
results. The total suitable area was divided by the sum of the vulnerable area sitings for each
BMP category. It is important to note that all spatial data used for both the siting tools and the
GVM were highly location-specific. Therefore, results for this analysis are specific to the study
area. Research following this methodology in a different spatial location is anticipated to return
different values, but the same trend illustrating the lack of consideration for groundwater is to be
expected.
The BMP Siting Tool sited 2.80% of all bioswales and 27.89% of all infiltration basins
above vulnerable areas. Likewise, data for the G2G Tool indicated 21.66% of all bioswales and
9.62% of all infiltration basins were sited above vulnerable areas. This data indicates the BMP
Siting Tool sited more vulnerable infiltration basins than did the G2G Tool; conversely, the G2G
Tool sited more vulnerable bioswales throughout the study area than did the BMP Siting Tool.
These results are summarized in Table 6.
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Table 6: Summary of Vulnerability Ratios
Variable

BMP Siting Tool

Gray-to-Green Tool

Percentage of vulnerable bioswale sitings
Percentage of vulnerable infiltration basin sitings

2.80%
27.89%

21.66%
9.62%

From the data in Table 6, it is apparent that the consideration of groundwater
vulnerability is lacking, and the incorporation of a groundwater vulnerability model within the
siting process for both tools merits consideration. This prompted the development of a
supplemental framework that incorporates groundwater vulnerability modeling into the siting
process for both tools.
Supplemental Framework Development
The weakness within each tool’s framework that permits the neglect for vulnerable
aquiferous areas was identified, and a supplemental framework was developed for each tool that
incorporates a groundwater vulnerability assessment into the overall process. An assessment of
the siting framework for each tool was conducted once again in order to locate the deficit that
neglects groundwater vulnerability.
It is important to note that although this analysis chose to use the KAVI model to
supplement gaps within the framework, any GVM formula may be used to construct a
supplemental framework. However, the selection of the most appropriate GVM to use will be
highly dependent on the properties of the aquifer in question. Regardless of the GVM selected,
the same general steps will apply.
Development of this supplemental framework outlines suggestions for incorporating a
groundwater vulnerability assessment into a pre-existing BMP siting framework. To develop the
supplemental framework, datasets from the GVM (i.e. the KAVI model) and the siting tool were
cross-referenced. If the siting tool lacks datasets required by the GVM, they must become a part
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of the required data for that siting tool. This will permit the calculation of the GVM within the
pre-existing framework.
The calculation of the GVM must be conducted alongside the current siting framework. It
is suggested that default parameters be set as follows: highly vulnerable areas should be excluded
from siting all together; moderate-to-highly vulnerable areas should be flagged, and the
suggestion made to implement a treatment-train approach that manages the quality of runoff for
that area appropriately. Similar to the adjustable criteria in Table 4, end-users should be allotted
the flexibility to manipulate the exclusion criteria set by the GVM. However, the default settings
for excluding vulnerable infiltration sites should follow the aforementioned exemption criteria.
The GVM must be assigned a specific priority during the siting process. The elimination
of unfit sites for all BMPs should preface the exclusion criteria set forth by the GVM. For
example, all BMPs are exempt from siting on steep slopes. However, only infiltration BMPs
would be subject to the elimination criteria established by the GMV; BMPs that do not contact
the groundwater table would not be subject to the secondary elimination established by the
GVM.
BMP Siting Tool
Development of the supplemental groundwater vulnerability framework for the BMP
Siting Tool required consideration of both the BMP Siting Tool’s framework (Figure 2) and the
KAVI formula (Equation 1). Incorporation of the KAVI model into the existing framework
requires only 3 additional datasets: soil permeability, aquifer hydrologic conductivity, and closed
(sinkhole) depressions; the BMP Siting Tool already requires the remaining two datasets (depthto-water table and anthropogenic land use).
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The KAVI model should be calculated alongside all other geospatial analyses, as
indicated in Figure 19 by the dashed lines in the reproduction of the BMP Siting Tool’s
framework.

Figure 19: Supplemental GVM framework (bolded data; dashed flow) for the BMP Siting
Tool’s existing framework
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Unfortunately, this research does not maintain the rights to manipulate any of the
functions defined by the BMP Siting Tool. Therefore, the suggestion is made to incorporate the
GVM into the analysis after the tool has performed its siting (similar to the methods outlined in
this research).
Gray-to-Green Decision Support Tool
Development of the supplemental groundwater vulnerability framework for the G2G
Tool required consideration of both the G2G Tool’s framework (Figure 3) and the KAVI
formula (Equation 1). Incorporation of the KAVI model into the existing framework requires
only 4 additional datasets: depth-to-water table, soil permeability, aquifer hydrologic
conductivity, and closed (sinkhole) depressions; the G2G Tool already requires the
anthropogenic land use dataset.
Calculation of the GVM should be conducted during step two, after mapping of forests,
riparian areas, and groundwater recharge zones. Then, the exclusion of vulnerable sites identified
by the GVM should be employed after the overlay of the conceptual site plan for the project and
before the identification and calculation of the area of green infrastructure to be protected.
Inserting these criteria here would make it the fourth step in the overall framework, as indicated
in Figure 20 by the dotted lines in the reproduction of the G2G Tool’s framework.
Incorporating groundwater vulnerability modeling into infiltration BMP siting will
definitely pose its challenges as it further limits the available area for siting, but this opens up
additional opportunities for research to identify new BMP designs that respect groundwater
integrity in areas where these constraints may arise. In addition, it will bring more attention to
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groundwater quality. Otherwise, the disregard for groundwater resources identified previously in
this report shall persist, with the very real possibility of exacerbating concerns in the future.

Figure 20: Supplemental GVM framework (dotted) for the Gray-to-Green Tool’s existing
framework
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CHAPTER SIX:
CONCLUSION

It is clear that US water quality legislation favors the protection of surface waters. The
addition of Section 319 to the Clean Water Act perpetuated research into sustainable stormwater
management and best management practices that aim to curtail surface water contamination.
Media published by private and public organizations evolved from print literature to computerguided BMP siting, which were all perpetuated by national legislation focused on improving
surface water quality. This research confirmed the assumption that the incorporation of
groundwater vulnerability is lacking as a component of some of these computer-guided BMP
siting tools.
Limitations of this study were mainly attributed to assumptions made about the data
available for the study area. Although more accurate, the option to use all user-generated data
was not suitable for this study due to the size of the study area (951 km 2) and the detail required
by some of the input layers (driveways, private sidewalks, etc.). Therefore, national datasets
were preferred. Flexibility of choosing data with the most current spatial-temporal resolution was
limited. No datasets were older than 2010, except for the soils data from 2004. Furthermore,
assumptions made within the individual third-party layers is unknown, such as which photobands
were assigned to the different land use classes during the unsupervised classification of the
EnviroAtlas land use data.
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User-generated datasets were required in a few instances when national datasets were not
available (or did not appropriately represent the study area). For the BMP Siting Tool, two
datasets were user-generated. The user-generated land use shapefile was only required for siting
green roofs and impervious surfaces, which was not within the scope of this analysis; the percent
impervious layer was produced from the EnviroAtlas land use data, so this data overlap may
have altered the results slightly. Only one dataset was user-generated for the G2G Tool. The
parking and roadways impervious layer was a union of the impervious layer from the
EnviroAtlas land use dataset and a buffered roadways layer. In addition to the data overlap, the
road buffers were intentionally generous. Buffering roadways was limited by the available
attributes of the dataset, which classified roadways as major or minor. Although other datasets
may have offered more specific attributes, the roadway data chosen best represented the current
conditions of the study area. Finally, the KAVI model also required similar input data required
by both tools. Although there was a data overlap here, it was not expected to substantially impact
the analysis since the same data layers were used to represent different conditions. For example,
the siting tools use the land use data to exclude BMPs from siting whereas the KAVI model uses
land use to assess the impact of land use on groundwater vulnerability.
In addition to less-than-current data, assumptions about the datasets were required in
order to satisfy the requirements of both tools. Data representing hydrologic soil classifications
for the study area contained gaps that were assumed to be Class C, per standards set within the
literature (Murray State University, 2016). A more accurate way of estimating the gaps in the
soil data would have been through the interpolation of nearby soil classes. This is a consideration
to be mindful of in future research. However, the assumption of Class C soils was not expected
to limit the study to any significant degree. Upon review of the soil data, the majority of gaps
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overlapped waterbodies or other geographic features where BMP siting would have otherwise
been excluded. Additionally, this same soils layer also contained mixed soil classes (i.e. B/D),
which were not accepted by the BMP Siting Tool. Therefore, these mixed classes were reduced
to the class of greater permeability (i.e. B) in order to more appropriately estimate the soil
conditions of the study area. The reduction of mixed soil classes was only required for the BMP
Siting Tool; the G2G Tool was not limited to singular soil classes. Although the use of two
different soil data layers for each tool must be considered, it is justified by limitations of the tool
itself. If users have mixed-class soil data when using the BMP Siting Tool, they will either be
required to reduce the value to a singular class or exclude those sites all together.
Parceling the study area may have also altered the results. Assumptions of possible
alterations were mainly anticipated along the edges of each parcel. Inspection of the alignment
between neighboring parcels did not indicate any abrupt transitions when crossing parcel
boundaries. However, the limitations of the computer used for this study make the assessment of
this error impossible. It is recommended that future studies following a similar methodology gain
access to a more powerful computer that allows researchers to avoid parceling the study area into
as many sections, or avoid parceling altogether. This will eliminate the extra steps of reuniting
the parcels back into one grand dataset and avoid any gaps that may have resulted from the
union.
Results from this analysis indicated a lack of consideration for groundwater vulnerability
within the analytical framework of both the BMP Siting Tool and the Gray-to-Green Decision
Support Tool. Spatial overlay using the Karst Aquifer Vulnerability Index was used to evaluate
the vulnerability of the unconfined karst aquifer below the study area in Hillsborough County,
Florida. This analysis revealed that the BMP Siting Tool sited 2.80% of all bioswales and
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27.89% of all infiltration basins above vulnerable areas, whereas the G2G Tool sited 21.66% of
all bioswales and 9.62% of all infiltration basins above vulnerable areas.
This data indicated that both tools merit the incorporation of a groundwater vulnerability
component. Therefore, supplemental frameworks were developed for each tool that considered
groundwater vulnerability during the overall BMP siting process. It is suggested that the default
criteria for the supplements should exclude ‘highly vulnerable’ areas from BMP siting, and flag
‘moderate-to-highly vulnerable’ areas for further analysis and/or treatment-train management.
However, manipulation of this function should not be completely prohibited due to spatial and
temporal limitations of available data. It was noted that limiting infiltration BMP siting in this
manner will pose its challenges as it further restricts the available area for siting, but it opens up
additional opportunities for research to identify new BMP designs that respect groundwater
integrity in areas where these constraints may arise.
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